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Abstract: Three cast alloys with compositions of Co-9Al-8W-0.1B, Co-9Al-9W-0.1B and 

Co-9Al-11W-0.1B (all atomic percent) were aged at 900 °C for 200 h, 500 h, 1000 h, 2000 h, 

5000 h and 10000 h to investigate the thermal stability of L12 type γ′-Co3(Al,W) precipitates. 

The microstructure during the extended ageing process was observed by Scanning and 

Transmission Electron Microscopy in order to investigate the evolution of the γ/γ′ two-phase 

microstructure and the formation of any additional phases. It was found after 5000 h ageing 

that four phases, γ, γ′, D019 and B2, were present within the microstructure as identified by X-

ray Diffraction combined with Transmission Electron Microscopy and Electron Backscattered 

Diffraction. The γ′ precipitates coarsened according to modified Lifshitz, Slyozov and 

Wagner theory generally. The fraction of γ′ phase decreased while that of D019 phase 

increased contrarily. The phase transformation process from γ′-L12 to D019 was illustrated by 

Transmission Electron Microscopy. Stacking faults were identified as the initial step of the 

decomposition of the γ′ phase. 

Keywords: L12-γ′ precipitate, thermal stability, precipitates size, volume fraction, stacking faults, 

L12-D019 phase transformation 

1. Introduction 

The discovery of a new type of Co-base superalloys strengthened by a ternary Co3(Al,W) 

compound with an L12 ordered structure (γ′ phase) was reported by Sato et al. in 2006 [1]. Ni-

base superalloys with a similar aligned coherent γ/γ′ two-phase microstructure are widely 

known for their excellent high temperature mechanical properties [2]. Prior to the discovery 

of Sato et al. [1], such hardening effects by γ′ phase precipitation were unknown in Co-base 

superalloys and thus such alloys had a worse high-temperature capability compared to Ni-

base superalloys [3]. The discovery of such novel types of Co-base superalloys, which can 

exhibit a high volume fraction of coherently embedded γ′ phase with a solvus up to 1000 °C, 

offers the possibility of developing similar or even superior mechanical properties compared 

to the γ′ hardened Ni-base superalloys. Taking into account that the melting point of cobalt is 
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slightly higher than that of nickel, the prospects of attaining better high temperature capability 

are promising [3-11]. 

Unfortunately, there is a high degree of uncertainty about the stability of the γ′ phase in 

these novel Co-base superalloys. Some authors report it to be metastable at 1000 °C but stable 

at 900 °C [1,3-8,12]. However, Kobayashi and Lass et al. [13,14] reported that the γ′ 

precipitates are also metastable at 900 °C and decompose into the hexagonal D019 phase over 

time. According to most literature sources [3,9,13-18], no stable γ/γ′ two-phase region exists 

in the ternary Co-Al-W system, but the γ matrix phase is in thermodynamic equilibrium with 

the CoAl (B2) and Co3W (D019) phase at 900 °C. 

Therefore, to acquire the necessary knowledge to develop this material class into alloys 

suited for application, it is of high interest to characterize and understand the long-term 

stability of the γ/γ′ structure and the mechanisms operating during the transformation of the 

γ′-Co3(Al,W) phase into other phases. In order to achieve this, a number of ternary Co-Al-W 

alloys with W contents between 8 and 11 at.% were heat treated for up to 10000 h and the 

changes in microstructure, including γ′ fraction and particle size, as well as the formation of 

other phases was investigated. In particular the details of the transformation from γ′ phase to 

D019 phase during long-term ageing at 900 °C were investigated. 

2. Experimental procedure 

2.1. Sample preparation 

The alloys investigated were Co-9Al-8W-0.1B, Co-9Al-9W-0.1B and Co-9Al-11W-0.1B 

(all atomic percent in nominal composition), and had been produced by argon arc melting. 

For the sake of brevity, in the following these alloys will be termed as 8W, 9W and 11W 

respectively. The ingots were melted from their elements and then remelted 5 times into 64 g 

buttons to achieve chemical homogeneity. A small amount of boron was added to the alloys 

to strengthen the grain boundaries and suppress grain boundary fracture. This was done to 

investigate alloy compositions which could in modified form be suited as polycrystalline 

material for industrial applications [19] and to ensure that the polycrystalline specimens were 

suited for mechanical testing without premature failure at grain boundaries [20]. For 

comparison purposes by the same method a boron free specimen with the composition Co-

9Al-9W was also produced.  

2.2. Heat-treatment  

Solution heat-treatment was conducted at 1300 °C for 12 h in a vacuum furnace. 

Subsequent ageing treatments were performed at 900 °C in air for times of 200 h, 500 h, 1000 

h, 2000 h, 5000 h and 10000 h. After ageing the specimens were air cooled. The solution and 
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ageing treatment temperature employed was based on the melting points and γ′ solvus 

temperatures reported in [18]. 

2.3. Microstructure characterization  

The specimens for microstructural characterization by scanning electron microscopy (SEM) 

were prepared by grinding, polishing, and then electro-polishing for 90 s in a solution of 2-

buthanol and perchloric acid in methanol at -41 °C with a voltage of 25 V. Backscattered 

Electron (BSE) images as well as Electron Backscattered Diffraction (EBSD) maps were 

obtained using a Leo Gemini 1530 and a Zeiss Auriga SEM both equipped with field 

emission electron guns and TSL EBSD analysis systems. The transmission electron 

microscope (TEM) specimens were cut and ground to about 60 µm thickness and 

subsequently electrolytically thinned to electron transparency using the Struers A3 electrolyte 

with a voltage of 20 V at -38 °C. They were investigated using a Philips CM200 TEM 

operated at 200 kV. X-ray diffraction (XRD) measurements were carried out to identify the 

phases in the specimens. Room temperature XRD was conducted using a Siemens D5000 

diffractometer at 40 kV and 40 mA, the wavelength of the X-rays corresponded to copper Kα 

(1.5418 Å). Additional diffraction measurements were performed at the synchrotron radiation 

beamline HEMS run by Helmholtz-Zentrum Geesthacht at PETRA III of the Deutsches 

Elektronen-Synchrotron (DESY), Hamburg, Germany. The specimens had a 5 mm diameter 

and were measured in transmission with a beam size of 1 mm × 1 mm and an X-ray energy of 

100 keV (λ = 0.1240 Å). 

The area fraction of D019 phase was determined from the SEM micrographs using the 

software ImageJ with the threshold-based segmentation method. The area of B2 phase was 

ignored because of its extremely small amount and its distribution around D019 needles or at 

grain boundaries. The area fraction and particle size of the γ′ precipitates were determined 

using the line segment intersection method in Photoshop. For every specimen at least 400 

precipitates in 4 different areas within the γ/γ′ regions with their surface parallel to {001} 

planes were included in the measurements. To determine the real fraction of γ′ phase the 

measured area fraction was corrected by excluding the D019 area fraction. As the γ′ particles 

were cubic and distributed quite evenly, the area fraction directly determined from the 

micrographs was assumed to be equal to the volume fraction. 

3. Results and discussion 

3.1. Microstructural evolution  

The microstructures of the 8W, 9W and 11W alloys after ageing at 900 °C for times 

between 200 h and 10000 h are shown in Fig. 1. All micrographs were taken using the SEM 

backscattering mode. It is clearly visible that even after ageing for 10000 h the microstructure 
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predominantly consists of the γ (Co) matrix with homogeneously distributed cubic γ′ 

(Co3(Al,W)) particles as the primary precipitate phase in the matrix. Additional phases 

appearing brighter in the images are also present, which seem to increase in fraction and size 

in all three alloys with increasing ageing time. 

 
Fig. 1 BSE micrographs viewed from near the <001> direction showing the microstructural evolution during 

long term ageing at 900 °C. a - 8W; b - 9W; c - 11W. 1 - 200 h; 2 - 2000 h; 3 - 5000 h; 4 - 10000 h. Labels A to D 

mark differently shaped D019 particles and will be discussed later in conjunction with other results. 
To identify the type of these additional phases, XRD and analysis of selected area 

diffraction pattern (SADP) in TEM were employed. Fig. 2a - c) show the XRD patterns of the 

three boron containing alloys after ageing for 200 h and 2000 h as well as the HEXRD pattern 

of the alloy Co-9Al-9W after ageing for 5000 h shown in Fig. 2d. The positions where 

diffraction peaks are expected for the phases γ′, D019 and B2 are indicated. The majority of 

the diffraction peaks from the γ phase overlap with those of γ′ phase due to their similar 

crystal structure and lattice constants. Thus, γ phase peaks are not separately marked in Fig. 2. 

In addition to the desired γ/γ′ phases, a D019 phase is present in 8W and 9W already in a 

specimen state which can be considered as kind of standard heat-treated (200 h). Only one 

small D019 peak is found in 11W after ageing for 200 h which probably corresponds to the 
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bright particles visible in Fig. 1c1. The reason why only one weak peak of this phase is 

detected may be due to its very low volume fraction or an unsuitable orientation of the phase 

to satisfy the diffraction conditions. For all three alloys a number of somewhat stronger D019 

peaks are present in the diffractogram after ageing for 2000 h, indicating that the volume 

fraction of D019 phase increases with ageing time. In addition, small peaks indicating the 

presence of some B2 phase are found after 2000 h. There are several additional small 

diffraction peaks not marked at about 39° and 61° in Fig. 2 (2000 h in a, b, c). These can be 

identified as CoO from a thin oxide layer which grew during the extended ageing of the 2000 

h specimens. Based on the SEM and XRD investigations it can be concluded that the γ/γ′ 

phases exist as the primary phases up to extended ageing times at a typical service 

temperature of 900 °C. Nevertheless, additional D019 phase is found to have formed after 

ageing for 200 h and its volume fraction increases after ageing for 2000 h. A very small 

amount of B2 phase was found in all three alloys after 2000 h ageing. The higher W content 

seems to delay the formation of the D019-Co3W phase in the 11W alloy. These findings are in 

agreement with the results published by Lass et al. [14,21]. In the boron free Co-9Al-9W 

alloy, peaks corresponding to the phases γ, γ′ and D019 are visible after ageing at 900 °C for 

5000 h. B2 is either absent or perhaps its primary (110) diffraction peak was overlapped by 

the (111) peaks of γ/γ′ phase. Another possible reason is that the amount of B2 phase is below 

to the detection limit. From the results it can be concluded that the small addition of boron 

makes no principal difference with respect to phase stability at 900 °C. In the boron free 

ternary alloy, in addition to the γ and γ′ phases, the D019 phase has also formed after extended 

ageing at 900 °C. 
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Fig. 2 XRD patterns of a. 8W, b. 9W, c. 11W with boron after 200 and 2000 h ageing at 900 °C showing the 

changing of the D019 and B2 phases during heat-treatments. d. Synchrotron HEXRD pattern of Co-9Al-9W 

without boron after 5000 h ageing at 900 °C. 
The results of the XRD investigations have been supplemented by TEM characterization 

of aged 8W, 9W and 11W alloy specimens. The aim of this was to confirm the XRD results, 

associate the different phases to the different precipitates morphologies and to find any 

precipitate phase present with such a low volume fraction or small size that they were not 

detected by XRD. Fig. 3 shows typical precipitates present in the 8W, 9W and 11W alloys 

after ageing for 10000 h together with the corresponding SADPs. Most of the precipitates 

exhibit a needle-shape, but with differing aspect ratios. However in the 11W alloy more bulky 

or plate-like particles were also observed using both SEM (see corner of Fig. 3d) and TEM 

(see Fig. 3d). It is assumed, at least in the 11W alloy, that a few plate-like shaped particles of 

D019 phase exist. From the SADPs all precipitates were identified as D019 phase. By 

analyzing SADPs of precipitates and the neighboring matrix for some of the D019 precipitates, 

an orientation relationship of <110>γ || <11-20>D019 and (111)γ || (0001)D019 was determined. It 

is interesting to note that while peaks indicating D019 and B2 phases were found in the XRD 

patterns after extended ageing, only D019 precipitates were identified by TEM investigation. 
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Fig. 3 Transmission electron micrographs and diffraction patterns of the 8W, 9W and 11W alloys  after ageing 

for 10000 h at 900 °C. a - D019 phase and corresponding SADP in 8W; b - two D019 phase precipitates in 9W with 

SADP of the neighboring matrix (A), of the bigger D019 precipitate (B) and the combined pattern of the smaller 

D019 precipitate and the matrix (C); c - needle-like D019 precipitate in the 11W alloy with combined SADP of the 

matrix and the D019 precipitate; d - bulky D019 particle in the 11W alloy with SADPs of the particle from three 

different beam directions and a SEM image of the same ageing condition in the upper right corner (particles 

marked by arrows). 

Contrary to the XRD results, TEM did not positively identify the presence of B2 phase 

after ageing for up to 10000 h. Thus EBSD in the SEM was used as a third method to identify 

the phases present in the three alloys after ageing. In Fig. 4 phase maps of grain boundary 

regions in the 8W, 9W and 11W alloys are shown for specimens aged for 10000 h at 900 °C. 

The major part of the microstructure consists of the γ/γ′ phases shown in light green. Due to 

their close crystallographic similarity it was not possible to differentiate between the γ matrix 

and γ′ precipitates by EBSD. Most of the other precipitates exhibit a D019 crystal structure and 

are shown in dark green. They have either a needle-like shape or exhibit a more blocky 

appearance especially at the grain boundaries of 8W and in 11W. Except for one larger region 

in 9W, it is clear that B2 particles (shown in red) are located at, or close to the grain 
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boundaries, and are merged with some D019 particles, thus explaining the difficulties in 

finding this phase in TEM. The coorperative growth of B2 around D019 could accelerate the 

overall transformation because Al rejected from the D019 phase when transforming out of γʹ 

phase can be directly consumed by the forming B2 phase making long range diffusion 

unnecessary.  

 
Fig. 4 EBSD phase maps of the 8W, 9W and 11W alloys  after 10000 hageing at 900 °C; the γ/γ′ phase is 

shown in light green, D019 phase in dark green and the B2 phase in red. A - 8W; b - 9W; c - 11W. 

As shown in Fig. 1, a small amount of D019 phase is clearly visible as small needles, 

marked as A in 8W (Fig. 1a1, a2) and 9W (Fig. 1b2). After further ageing up to 5000 h, the 

D019 needles became much longer and thinner in 8W (Fig. 1a3, a4) and 9W (Fig. 1b3, b4) 

(marked as B). This is in agreement with the morphology of D019 phase that was reported in 

the literature [22] and found during the TEM investigations described above. In the 11W alloy, 

the D019 phase exhibits a different morphology of small white plates that are marked (C) in 

Fig. 1c1, compared to that in 8W and 9W before 500 h ageing. The precipitates subsequently 

grew longer, in a similar way to those observed in 8W and 9W, after 2000 h ageing. In 

addition, a small fraction of the D019 needles transformed into thicker rods (marked as D) in 

Fig. 4c4 when the ageing time was increased to 10000 h.  

3.2. γ/γ′ microstructure 

Details of the γ/γ′ two-phase microstructure after different ageing times are shown on the 

micrographs in Fig. 5. The images were obtained, using SEM in the backscattered electron 

mode, from near {001} sections of the 8W (Fig. 5a1 - a6), 9W (Fig. 5b1 - b6), and 11W (Fig. 

5c1 - c6) alloys. All three alloys consist of cubic γ′ precipitates embedded in the γ matrix. 

Comparing the microstructures shown in Fig. 5 at similar ageing times, the γ′ precipitates 

within the 11W alloy are arranged most densely with only narrow γ matrix channels 

seperating them. In the 9W alloy the matrix channels are significantly wider, while the least 

dense arrangement of γ′ precipitates with the broadest matrix channels was found in 8W. Thus, 

with increasing W content and the corresponding increase of the γ′ volume fraction, the γ 

matrix channels become narrower and the γ′ precipitates better aligned. In the 11W alloy the 

γ′ precipitates start to grow together along the <001> directions, while in the 8W alloy they 
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are arranged more randomly and are less well aligned. This is especially true for ageing times 

shorter than 200 h which were also investigated, but which are not presented in this paper. 

The shape of the γ′ precipitates in the 11W alloy more or less resemble perfect cubes with 

sharper edges and corners compared to γ′ precipitates in the 8W and 9W alloys which appear 

to be more rounded. During the ageing process, the γ′ precipitates in all three alloys rapidly 

coarsen and align along the different <001> directions, and the channels between precipitates 

become wider, most obviously seen in 8W. In Fig. 5 it can be seen that some smaller particles 

visible in the early stages of ageing (marked as C), tend to merge with larger adjacent ones, 

resulting in a rapid discontinuous coarsening of these bigger particles. 

The γ′ precipitates in the 8W alloy become less rounded after extended ageing, and some 

oblong shaped particles were present after 2000/5000 h, marked (A) in Fig. 5a4 - a5. 

Nevertheless, the γ′ precipitates around these oblong shaped particles seemed to increase in 

diameter and remained cubic instead of elongating. After 10000 h more oblong shaped 

particles had formed and some of the cube corners had seemingly dissolved or re-orientated, 

leaving irregularly shaped particles as marked (B) in Fig. 5a6. In general, the development of 

the γ′ precipitate morphology in the 9W alloy is similar to that in the 8W alloy, but the shape 

appears to be more stable, consisting mostly of regular cubes already after 200 h of ageing. 

The occurrence of oblong shaped particles in 9W, marked (A) in Fig. 5b5 - b6, took place 

after 5000 h, which is later than in 8W, and arise more seldom. In contrast, many γ′ 

precipitates in the 11W alloy have a T- or L-shape morphology, marked (C) in Fig. 5c1 - c4, 

because precipitates that were aligned along different <001> directions have grown together 

during the earlier stages of ageing, before forming larger cubes after extended ageing to 5000 

h. It is tempting to speculate if the appearance of oblong shaped particles is connected with 

the dissolution of the γ′ phase. Indeed it will be shown later (Fig. 8a) that 8W shows the 

strongest decrease in γ′ volume fraction after extended ageing and also most frequently 

exhibits such oblong shaped particles. 
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Fig. 5 BSE micrographs viewed closely along the <001> orientation showing the evolution of the γ/γ′ two-

phase microstructure during long-term ageing at 900 °C. a - 8W; b - 9W; c - 11W. 1 - 200 h; 2 - 500 h; 3 - 1000 h; 

4 - 2000 h; 5 - 5000 h;  6 - 10000 h. 

The γ/γ′ microstructures of the 8W, 9W and 11W alloys are imaged in more detail using 

TEM in Fig. 6a - c. All micrographs were taken in the bright field multi-beam condition with 

a viewing direction near the <001> orientations. According to the SADPs of the <001> 

directions, all γ′ precipitates still show the initial orientation relationship with the matrix of 

(001)γ′ || (001)γ and [100]γ′ || [100]γ even after 10000 h of ageing. 
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Fig. 6 TEM bright field images and corresponding SADPs showing the evolution of the γ/γ′ two-phase 

microstructure during long-term ageing at 900 °C. a - 8W; b - 9W; c - 11W. 1 - 200 h; 2 - 1000 h; 3 - 5000 h; 4 - 

10000 h.  

It is clearly recognizable, especially in 11W, that some narrow matrix channels exist 

between adjacent γ′ precipitates that are barely visible and that the precipitates almost connect 

with each other during the early period of ageing, marked (A) in Fig. 6c1. The densely packed 

γ′ particles at (A) gradually grow together to form large precipitates as ageing proceeds. 

Moreover, during further ageing up to 5000 h, the remaining tiny γ′ precipitates at (C) seem to 

merge with neighbouring particles to form bigger particles. Furthermore, some dislocation 

segments are observed around the γ′ precipitates in the 8W and 9W alloys after longer ageing 

times, marked (B) in Fig. 6a3 - a4 , b3 - b4. This is even more clearly visible in Fig. 10 which 

is shown later. The presence of dislocations may support the dissolution or re-orientation of 

the precipitate corners, as already shown in Fig. 5a6, because the dislocations may act as 

diffusion channels accelerating morphology changes in their vicinity. Another possible reason 

for the re-orientation of the precipitate corners could be a partial loss of coherency at the γ/γ′ 

interfaces due to interfacial dislocations making interfaces parallel to {001} planes less 

favourable.  
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The γ′ precipitate size (see Fig. 7) as well as the volume fraction (see Fig. 8a) increase 

with increasing W content. The size is represented by the average equivalent diameter of the 

γ′ precipitates’ side. In addition to the size of the γ′ precipitates increasing with W content, it 

can also be seen that the γ′ precipitates coarsen during long-term ageing but with different 

rates depending on alloy composition. If the driving force for the coarsening process is the 

reduction of total interfacial energy, then the development of precipitate size with time, for 

precipitates dispersed in a matrix, should obey the Lifshitz, Slyozov and Wagner (LSW) 

theory [23-25]. This theory predicts precipitate coarsening according to the relationship, 𝐷𝐷3 =

𝑘𝑘𝑘𝑘, when the coarsening rate is diffusion-controlled. Here 𝐷𝐷 (𝑛𝑛𝑛𝑛) is the average diameter of 

the precipitate, 𝑘𝑘 (ℎ) is the ageing time and 𝑘𝑘 is the coarsening rate constant. The modified 

equation, 𝐷𝐷𝑛𝑛 = 𝑘𝑘𝑘𝑘, was used to fit the measured γ′ precipitates size against ageing time. The 

results are shown below for the different alloys: 

(𝐷𝐷8𝑊𝑊)3.048 = 2.187 × 104 × 𝑘𝑘 

(𝐷𝐷9𝑊𝑊)3.125 = 4.482 × 104 × 𝑘𝑘 

                          (𝐷𝐷11𝑊𝑊)3.676 = 5.621 × 106 × 𝑘𝑘  

The values of n are 3.048 for the 8W alloy, 3.125 for 9W and 3.676 for the 11W alloy. 

These values indicate that the coarsening of precipitates in the 8W alloy most closely matches 

the behavior expected in accordance with the LSW theory. That the values of n for all three 

alloys slightly deviate from 3, expected from the LSW theory, is probably due to the fact that 

the LSW theory describes coarsening for a dilute solution while the current alloys contain 

rather densely packed precipitates. This is supported by the fact that the strongest deviation of 

n occurs in the 11W alloy which has the highest γ′ volume fraction and most densely packed 

precipitates. Here it is also mentioned that due to different lattice mismatch different 

coherency stresses may occur in the alloys which in general were not taken into account in the 

LSW theory [25]. The value of 𝑘𝑘 increases from 2.187 × 104 for the 8W alloy to 4.482 ×

104 for 9W to 5.621 × 106 for 11W. Thus, the coarsening rate increases with the volume 

fraction of γ′ phase and thus with the W content of the alloy (see Fig. 8a) in agreement with 

the literature [14,26]. Additionally, a uniform size of the γ′ precipitates can decrease the 

coarsening rate. The error bars in Fig. 7 stand for the standard deviation. The wider 

distribution of precipitate sizes in 11W may also contribute for the fastest coarsening rate in 

this alloy [26]. It is interesting to note that these effects that can accelerate coarsening in 11W 

seem to counteract a slower diffusion rate in this alloy which could be expected from the 

higher W content. This seems to be compensated by the higher γʹ volume fraction of 11W 

which is reported in literature to accelerate coarsening [27].  



13/18 
 

 
Fig. 7 equivalent diameter of γ′ precipitates plotted against ageing time – the lines represent a 𝐷𝐷𝑛𝑛 = 𝑘𝑘𝑘𝑘 fit of  

the data according to LSW (Lifshitz, Slyozov and Wagner) theory. 

In general, the volume fraction of the γ′ phase increases with increasing W content but 

decreases during ageing in all three alloys (see Fig. 8a). The area fraction of the bright 

additional phases, which are probably predominantly D019, is plotted in Fig. 8b and increases 

continually with ageing time in all three alloys. The measurement data is not accurate enough 

to decide whether in 11W after about 2000 hours still a slight increase or a saturation is 

observed. A small initial increase in the volume fraction of γ′ precipitates is observed in the 

11W alloy prior to 500 h ageing as shown in Fig. 8.a. This is probably caused by the high 

amount of W in this alloy slowing down diffusion that delayed the complete nucleation of γ′ 

precipitates. Based on Fig. 1 and literature data [13,15], it can be concluded that at least some 

of the γ′ phase decomposes into D019 phase during long time ageing. This is supported by the 

decrease of γ′ volume fraction observed, at least in the 8W and 9W alloys, after extended 

ageing times.  

 
Fig. 8 Variation of a) volume fraction of γ′ precipitate and b) area fraction of D019 phase with ageing time. 

From Fig. 8, it can be seen that the decomposition of the γ′ phase during ageing is most 

rapid in the 8W and 9W alloys. In other words, the most stable γ′ phase with respect to its 
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retained fraction exists in the 11W alloy. Nevertheless, quite large volume fractions of γ′ 

phase still exist in all three alloys even after ageing for 10000 h. However, the decreasing γ′ 

volume fraction and the formation of D019 phase during ageing indicates that the stable phase 

constitution at 900 °C for all three alloys is either within a three phase (γ - γ′ - D019) region or, 

if the γ′ phase is metastable, a three phase (γ - B2 - D019) region. 

TEM micrographs recorded using a two-beam dark field condition with the (100) 

superlattice diffraction and the specimen orientated near the <001> direction are shown in Fig. 

9. Secondary γ′ precipitates exist in all three alloys during the earlier stages of ageing. The 

tiny secondary γ′ precipitates are clearly visible in the broad matrix channels of the 8W and 

9W alloys, while fewer and finer particles have precipitated in the narrower channels within 

the 11W alloy. No secondary γ′ precipitates were observed after extended ageing times longer 

than 200 h.  

 
Fig. 9 TEM dark field images of the γ/γ′ two-phase microstructure and secondary γ′ precipitates observed 

during the early stage of ageing, after 200 h at 900 °C. a - 8W; b - 9W; c - 11W. Images were taken along the [001] 

direction with the g = 100 γ′ superlattice reflection. 

3.3. L12 to D019 phase transformation  

It is inferred from Fig. 1 and Fig. 8 that at least some of the cubic L12-γ′ precipitates 

decompose into the hexagonal D019-Co3W phase during ageing. TEM images in Fig. 10 show 

the microstructure of the three alloys after extended periods of ageing. In Fig. 10a some 

dislocations and stacking faults are located among the L12-γ′ precipitates, which are probably 

the first step in the decomposition of the L12-γ′ phase into the D019 phase. When imaged 

along the [001] direction of the L12 lattice, the stacking faults and D019 needles are parallel to 

[110] directions, as shown in Fig. 10b - d. Moreover, there are always some stacking faults 

adjacent to D019 needles (marked by rectangles in Fig. 10b - d), which indicates that the 

stacking faults seem to be connected with the L12-γ′ to D019 phase transformation. The crystal 

structures and the orientation relationship between the L12 and D019 phases are illustrated in 

Fig. 11. The L12 and D019 phases exhibit the following OR: (111)L12  || (0001)D019, <112> L12 || 

<1-100> D019 [22].  
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Fig. 10 TEM two-beam dark field images of the three alloys after long-term ageing at 900 °C. a - 8W, 1000 h: 

stacking faults along a [110] direction among γ′ cubes; b - 9W, 1000 h: stacking faults adjacent to D019 needles; c 

- 11W, 1000 h and d - 11W, 5000 h: stacking faults adjacent to D019 needles. Images were taken with B = 001, g 

= 020. 

Based on the observations reported above, a stacking fault based transformation 

mechanism from the L12-γ′ to the D019 phase can be assumed, which has also been reported 

for other systems [22,28] and is schematically shown in Fig. 12. The L12-γ′ phase possesses 

an arrangement of atoms that is akin to a fcc lattice, despite its ordered structure, with a 

sequence of atomic {111} layers of ABCABCABC. To transform into the hexagonal D019 

phase with an ABABAB layer arrangement of (0001) planes which are parallel to the {111} 

planes of the L12 phase, a stacking fault based mechanism could operate. The atoms in layer 

C move along the <112> direction by a distance of a/3 to occupy atomic positions of layer A 

in the {111} plane. This results in a stacking fault that changes the ordering to ABCAB↓ABC. 

Thus a C layer is removed. But also the atomic ordering in the two neighbouring lattice planes 

is changed to that of the D019 phase. If such a mechanism operated on every second layer, 

then the atomic arrangement would be changed to that of the D019 phase. According to [22,28] 

this process does often not take place in a single step. Firstly the atoms in the C layer move 

along the [2-1-1] direction by a/6 to form a lattice where the atoms assume the positions of 

hcp structure, and then slide further by a/6[11-2]and a/6[12-1] to obtain the final D019 

structure where alos the correct species of atoms sits on its respective lattice positions. That is 

to say, that by operation of a/6[112]{111} partials which combine to a a/3[11-2]{111} 

superpartial, the correct atomic arrangement and ordering of the D019 phase are achieved. 
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When we transfer this concept to the transformation of L12-Co3(Al,W) to D019-Co3W it is 

necessary to consider that also the chemical composition of the involved phases differ. Thus, 

the mechanism described above which is based on shifts of atoms has to be accompanied by 

long range diffusion of Al away from the D019 phase and of W to the D019 phase.  

 
Fig. 11 Crystal structure of L12 and D019 phases. The directions and planes to define the orientation 

relationship between the two phases are marked. 

 
Fig. 12 Atomic layer movement in the L12 to D019 transformation: atoms in layer C of L12 move to positions 

of layer A2 in D019 along 1/6<112> by three steps. 

4. Conclusions 

• In Co-9Al-(8,9,11)W-0.1B alloys, a microstructure consisting of the γ matrix, γ′-L12 

phase, D019 phase and B2 phase is found after extended ageing up to 10000 h at 

900 °C. 

• In all three alloys investigated, the γ′ phase decomposes into the D019 phase during 

the ageing process at 900 °C. Nevertheless, a significant fraction (34.8%, 48.0%, 74.9% 

for the 8W, 9W, 11W alloys respectively) of γ′ phase still remains after 10000 h 

ageing at 900 °C. 
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• During ageing at 900 °C the γ′ precipitates coarsen with increasing ageing time 

roughly in accordance with the modified LSW theory (𝐷𝐷𝑛𝑛 = 𝑘𝑘𝑘𝑘). Coarsening of the γ′ 

precipitates can be described by: 

(𝐷𝐷8𝑊𝑊)3.048 = 2.187 × 104 × 𝑘𝑘 

(𝐷𝐷9𝑊𝑊)3.125 = 4.482 × 104 × 𝑘𝑘 

             (𝐷𝐷11𝑊𝑊)3.676 = 5.621 × 106 × 𝑘𝑘  

where 𝐷𝐷  (nm) is the precipitate diameter and 𝑘𝑘  (h) the ageing time. Coarsening 

accelerates with increasing W content probably as an effect of the higher γ′ volume 

fraction which increases in parallel with the W content. 

• The volume fraction of γ′ phase decreases during extended ageing, especially in the 

8W and 9W alloys, due to the transformation of γ′ phase into the D019 phase. In the 

11W alloy this decrease in γ′ volume fraction starts slightly delayed as not all γ′ 

precipitates have nucleated at the beginning of the ageing process. Also, the γ′ 

volume fraction remains almost constant in 11W after 2000 h ageing. 

• The transformation process from the γ′ phase into the D019 phase is associated with 

stacking faults. The transformation of the L12-γ′ atomic structure to that of the D019 

phase can be facilitated by the movement of suitable partial dislocations which 

probably generate the necessary stacking faults as an intermediate step of this 

transformation. 
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